c-Fos is a major component of activator protein (AP)-1 complex. It has been implicated in cell differentiation, proliferation, angiogenesis, invasion, and metastasis. To investigate the role of c-Fos in glioma radiosensitivity and to understand the underlying molecular mechanisms, we downregulated c-Fos gene expression by lentivirus-mediated shRNA in glioma cell lines and subsequently analyzed the radiosensitivity, DNA damage repair capacity, and cell cycle distribution. Finally, we explored its prognostic value in 41 malignant glioma patients by immunohistochemistry. Our results showed that silencing c-Fos sensitized glioma cells to radiation by increasing radiation-induced DNA double strand breaks (DSBs), disturbing the DNA damage repair process, promoting G2/M cell cycle arrest, and enhancing apoptosis. c-Fos protein overexpression correlated with poor prognosis in malignant glioma patients treated with standard therapy. Our findings provide new insights into the mechanism of radioresistance in malignant glioma and identify c-Fos as a potentially novel therapeutic target for malignant glioma patients.
INTRODUCTION
Glioblastoma (GBM) is the most common adult primary brain tumor, accounting for approximately 40% of all central nervous system malignancies. The current standard of treatment for newly-diagnosed glioblastoma is surgical resection followed by radiotherapy plus concomitant adjuvant temozolomide [1] . The prognosis of GBM is poor, with a median survival of only 12-15 months [2] . One and five year survival rates are less than 20% and 5%, respectively [3] . Resistance to ionizing radiation is one of the most important causes of the poor prognosis of this deadly disease [4] . Thus, it is imperative to conquer the resistance of human glioma cells to radiotherapy to improve the survival of malignant glioma.
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The JNK stress pathway is a member of the mitogen-activated protein kinase (MAPK) superfamily and includes c-Jun N-terminal protein kinase (JNK)/ stress-activated protein kinase (SAPK), p38, and extracellular signal-regulated kinase (ERK). It participates in multiple intracellular processes including cell growth, differentiation, transformation, and apoptosis by increasing expression of activating protein-1 (AP-1) [5] . As a major component of AP-1 complex, c-Fos has been implicated in signal transduction, cell differentiation proliferation, cell motility, cancer growth, angiogenesis, invasion, and metastasis [6] [7] [8] . Recent studies have identified c-Fos as one of the early response genes toward ionizing radiation [9] . Together with c-jun, Egr-1, and NFκB, the induced expression of c-Fos by radiation triggered a series of downstream genes important in the adaptation of cells and tissues to radiation-induced stress [7, 10] . Additionally, c-Fos induction was observed even in cells treated with low radiation doses (0.5 to 2 Gy) [11] , although this induction was transient, reaching a maximum level at 1 h and declining to the constitutive level by 4 hours [12] . Conversely, mouse fibroblast cell line deficient in c-Fos (c-Fos -/-) was found to be more sensitive to radiation, demonstrating increased cell death and apoptosis [13, 14] . An increase in AP-1 DNA-binding activity was associated with increased cellular resistance to cancer therapeutic agents [15] . Altogether, previous studies suggested that c-Fos may play an important role in cellular responses toward ionizing radiation.
Many studies have been reported correlating c-Fos expression with clinical prognosis. The conclusions, however, were mixed. In human squamous cell lung carcinoma [16] , breast carcinoma [17] , human osteosarcoma [18] , oral squamous cell carcinoma [19] , and cutaneous squamous cell carcinoma [20] , c-Fos overexpression was found to correlate with poor prognosis; while in refractory colorectal carcinoma [21] and epithelial ovarian carcinoma [22] , elevated c-Fos expression was reported to be a good prognostic marker. There were additional studies from large numbers of patients with gastric cancer showed that loss of c-Fos expression correlated with shorter survival, advanced stage, lymph node metastasis, and lymphatic invasion [23, 24] . Understanding the prognostic value of c-Fos expression in human malignant gliomas, which remains unclear, is therefore needed.
In this study, we tested our hypotheses that c-Fos plays a critical role in converting extracellular signals into gene expression changes in order to prepare GBM cells to radiation-induced stress and subsequent development of radioresistance and targeting c-Fos may improve radiosensitivity. We investigated the contribution of c-Fos to radiosensitivity in glioma cells and analyzed its underlying mechanisms, including DNA damage repair capacity, cell cycle distribution, and related protein expression. We also determined if c-Fos expression is correlated with the clinical outcomes in malignant gliomas.
RESULTS

c-Fos silencing inhibited human glioblastoma cell viability
To functionally demonstrate the importance of c-Fos in radiation responses of malignant gliomas, we used a targeting approach based on lentivirally expressed shRNAs (LV-shRNA) to knockdown c-Fos mRNA. First, we verified whether T98G and U251 cells, wellestablished GBM cell lines, were successfully transfected with LV-shRNA by immunoblotting. As shown in Figure  1A , in both T98G and U251 cells, the relative density of c-Fos in both shRNA1-infected cells and shRNA2-infected cells was significantly decreased compared with control group cells, confirming that LV-shRNA effectively silenced c-Fos in both cell lines. Since the silencing was more effective in shRNA2-treated cells, we chose the shRNA2 as an optimal silencing method in the subsequent assays.
We next examined whether c-Fos silencing could inhibit cell viability in GBM cell lines ( Figure  1B and 1C) . In T98G cells, c-Fos silencing markedly reduced cell viability, reaching a maximum inhibition (Cell viability in Day 4=66.9%) as indicated by the decrease in optical density levels ( Figure 1B , P<0.05). In U251 glioblastoma cells, c-Fos silencing also reduced cell viability, reaching a maximum inhibition (Cell viability in Day 4=64.5%) in Day 4 ( Figure 1C , P<0.05). In addition, curves from both T98G and U251 cells revealed that there were no significant differences in cell viability between the shRNA1 or shRNA2 treatment groups.
c-Fos silencing increased human glioblastoma cells radiosensitivity
Next, we investigated whether c-Fos silencing was able to increase the sensitivity of glioblastoma cells to radiation. For T98G and U251 cells, both shRNA1-treatment (SER=1.34 and 1.31, respectively) and shRNA2-treatment (SER=1.36 and 1.35, respectively) enhanced radiosensitivity (Figure 2 , P<0.05, ANOVA test; SF2=0.49 for T98G c-Fos ShRNA cells, SF2=0.33 for U251 c-Fos ShRNA cells). As SER=1 suggests an additive radiation effect, SER >1 a supra-additive effect, and SER<1 a sub-additive effect. Thus, SER=1.43, more than 1, means c-Fos silence could increase the radiosensitivity to radiation. These data suggested that c-Fos may be a critical regulator of radiation response in glioblastoma cells. www.impactjournals.com/oncotarget 
c-Fos silencing enhanced radiation-induced G2/M cell cycle arrest, radiation-induced DNA double strand breaks and suppressed DNA repair
Cell cycle regulation is thought to be the foremost determinant of ionizing radiation sensitivity. Thus, we used flow cytometric analysis to determine the effect of c-Fos silencing. For both T98G and U251 cells, ionizing radiation at 3 Gy resulted in significantly increase of G2/M fractions in cells with c-Fos knockdown ( Figure 3 ). There are significant differences among the treatment groups(P<0.001, One Way ANOVA, Holm-Sidak method), except for control group and ShRNA2 group.
Next, we evaluated the DNA damage responses (DDR) using the well-established marker of DNA double strand breaks (DSB) γH2AX, a phosphorylated form of H2AX at Ser139 (γH2AX). In tumor cells treated with and without shRNA2, a time-course analyses of γH2AX kinetic changes were performed before and after radiation (0.5 h, 6 h, 12 h, and 24 h) through immunofluorescent staining. As shown in Figure 4 , depletion of c-Fos did not cause a significant difference in DSB levels compared to non-irradiated control cells or 0.5 h after radiation. However, a significant increase of γH2AX positive cells were observed in c-Fos knockdown cell lines 6 h, 12 h, and 24 h after administration of 3 Gy radiation. In T98G glioma cells, 30 minutes after administration of 3 Gy radiation, almost 100% of cells in both the control and the c-Fos knockdown groups retained γH2AX foci. At 6 h, foci remained in only 62.3% of control cells compared to 87.0% of c-Fos knockdown cells(P=0.007; t-test). At 12 h, foci persisted in only 50.8% of control cells compared to 72.6% of c-Fos knockdown cells (P=0.0023; t-test). After 24 h, the number of γH2AX positive foci in control cells and c-Fos knockdown cells was 32.2% and 58.7%, respectively (P=0.0014; t-test). Similarly, in U251 glioma cells, we found that c-Fos depleted cells maintained γH2AX foci longer than control cells in 24h(P=0.00042; t-test).
These data showed that the loss of c-Fos not only affected the induction of γH2AX foci but also resulted in a disruption of DSB repair leading to significant prolongation of γH2AX foci formation after exposure to ionizing radiation. They indicated that c-Fos knockdown sensitized GBM cell lines to radiation by decreasing DSB repair capacity.
c-Fos silencing altered the expression of cell cycle-related protein and induced cellular apoptosis
We next examined the expression of cell cycle-related proteins. Figure 5 shows that CyclinB1 expression were significantly dysregulated after administration of 3 Gy ionizing radiation to T98G and U251 cells and that depletion of c-Fos exacerbated this increase. c-Fos silencing followed by radiation induced the expression of cleaved-PARP, the final product of the apoptotic state [25] , in both cell lines, especially in U251 cells.
c-Fos overexpression inversely correlated with the survival time of patients with malignant glioma
Next, we explored whether c-Fos overexpression correlated with the prognosis of malignant glioma patients, and clinical characteristics of WHO Grade III and IV gliomas were presented in Table 1 . As shown in Figure  6(A-D) , c-Fos expression was primarily localized to the nucleus and cytoplasm of tumor cells and was observed in 80.5% (33/41) Figure 6E ). Mean overall survival times in the c-Fos high expression group and low expression group were 13.9 months and 37 months (P= 0.015), respectively. Thus, c-Fos expression was inversely correlated with the survival rate of human high-grade glioma patients.
DISCUSSION
In this report, we presented the first evidence that c-Fos expression was correlated with radiation response in human glioma cell lines. c-Fos silencing sensitized glioma cells to radiation by inhibiting cell viability, disturbing DNA damage repair, promoting G2/M cell cycle arrest, and enhancing cellular apoptosis. In addition, we also discovered an inverse correlation between c-Fos expression and malignant glioma patients' survival.
In terms of the radiosensitizing effects of c-Fos, our data were consistent with an earlier study which showed that c-Fos knockdown cells are hypersensitive to the cytotoxic effect of UV light, including UV-induced chromosomal mutations and DNA breakage [26] . We further explored the mechanisms of the increased radiosensitivity caused by c-Fos depletion. We showed that c-Fos silencing alone could inhibit human glioma cell viability, which is consistent with results from human colon carcinoma [27] and bladder cancer cells [28, 29] , in which it was also shown that c-Fos knockdown suppresses cell growth.
DNA double strand breaks are the primary mechanism of tumor cell death following radiation, and radiation causes DNA damage either directly or indirectly through regulation of cell cycle checkpoints [30] . Such regulation on cell cycle progression may be another important mechanism for radiosensitization, as supported by our results that c-Fos disruption increased cell-cycle arrest (Figure 3) . The Cyclin B is the main target molecule of the G2/M cell cycle checkpoint [31, 32] . Our results showed that c-Fos knockdown upregulated CyclinB1 expression in GBM cell lines after radiation compared to control cells. However, further studies are needed to determine the exact mechanism for the G2/M arrest induced by c-Fos knockdown. As G2/M phase is the most radiosensitive phase of the cell cycle, it may account in part for the effects of c-Fos deficiency on the enhancement of radiation sensitivity in T98G and U251 GBM cell lines. Another study showed that abundance of cyclin G1 increased radiosensitivity of cancer cells through activation of cyclin B1, enhanced radiosensitivity was correlated with increased cyclin B1 [33] . It could be another mechanism of c-Fos inhibition radiosensitized GBM cells. Our results also indicated that c-Fos knockdown increased the persistence of γH2AX foci positive cells 24 h after radiation (Figure 4) , which indicated the delayed DNA damage repair of DSBs. The role of c-Fos on activation or inhibition of apoptosis in cancer cells remains controversial. c-Fos was shown to enhance both p53-dependent and p53-independent steroidinduced apoptosis in T-lymphocytes [34] . However, many other studies conflicted with the above findings. For example, c-Fos protein down-regulation promotes apoptosis in cervical cancer cells through inhibition of ERK1/2 [35] . In addition, another study demonstrated that c-Fos decreased P-glycoprotein expression and activity and altered expression of apoptosis-associated proteins (i.e., Bax, Bcl-2, p53, and PUMA) in the MCF-7 breast cancer cell line [36] . In the present study, our data in T98G and U251 GBM cell lines also supported the finding that c-Fos silencing enhances cancer cell apoptosis.
In terms of the correlation between c-Fos expression and cancer prognosis, c-Fos has been shown to play different, even opposite, roles in different cancers. In gastric cancers, elevated c-Fos expression is a good prognostic marker for patients, These findings may be attributed to the fact that c-Fos expression has tumor suppressive activity in gastric cancer, possibly related to its pro-apoptotic function [23, 24] . Contrary to the above results, however, a recent study in 333 patients with pancreatic cancer showed that high c-Fos expression was a significant marker of poor overall survival [37] . Overexpression of c-Fos promotes cell invasion and migration via the CD44 pathway in oral squamous cell carcinoma [19] , and may contribute to the metastasis and cell migration of human hepatocellular carcinoma [38] . Additionally, knockdown of c-Fos suppresses the migratory behavior of human colon carcinoma cells by blockade of TGFβ1 production in athymic mice [39] . Our data from high-grade glioma patients support the inverse relationship between c-Fos overexpression and tumor prognosis. We hypothesize that the conflicting correlation between c-Fos expression and prognosis in various cancer types may be attributed to the varying effects of c-Fos on tumor cell apoptosis as described above; this may be secondary in part to organ-specific functions of c-Fos.
In conclusion, we showed that c-Fos silencing sensitizes GBM cells to radiation by increasing radiationinduced DNA DSB, disturbing DNA damage repair, and regulating G2/M cell cycle and apoptosis. Additionally, c-Fos overexpression is correlated with poor survival for malignant glioma patients. Our results suggested that c-Fos may serve as a novel molecular maker of malignant glioma and a possible novel therapeutic target for radiosensitizing in GBMs. Our results justified the initiation of preclinical testing of targeted therapies against c-Fos in malignant gliomas.
MATERIALS AND METHODS
Cell lines and treatments
T98G and U251 human glioblastoma cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and incubated in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT), penicillin (100 units/ml), and streptomycin (100 units/ml) at 37°C in a humidified 5% CO2 incubator. Double stranded oligonucleotides with homology to a desired target region of human c-Fos were synthesized by Guangzhou RiboBio Co., Ltd. (Guangzhou, China) and the target sequence was GCAAGGTGGAACAGTTATC. Negative control siRNA was supplied by Guangzhou RiboBio Co., Ltd. T98G. U251 cells were transfected with plasmids containing shRNA1 (5'GCAAGGUGGAACAGUUAUCdTdT3, 3'dT dTCGUUCCACCUUGUCAAUAG5, siB0849110500) or sh RNA2(5'UGCCAGACAUGGACCUAUCdTdT3, 3'dTdT ACGGUCUGUACCUGGAUAG5, siB0849110519) using Lipofectamine 2000 (Invitrogen). Positive transfectants were selected by incubating cells with 0.8 mg/ml G418 (GIBCO BRL) for two weeks to obtain a stable cell line for c-Fos silencing in subsequent assays. Transduction efficiency was determined by western blotting.
Cell viability
We analyzed T98G and U251 cell viability after c-Fos silencing. Cell viability was measured with the Cell Counting Kit (CCK-8) assay. Briefly, after exposing T98G and U251s cell to c-Fos silencing for 1-4 days, 20 μL of CCK-8 (Sigma, St. Louis, MO) dissolved in phosphate-buffered saline (PBS) at a concentration of 5 mg/mL was added to the cancer cells and incubated in a CO2 incubator for 3 hours. The medium was then aspirated and the absorbance of each well measured using plate reader at a test wavelength of 460 nm with a reference wavelength of 630 nm. Optical density (OD) was utilized as the indicator of cell survival.
Survival fraction assay
Clonogenic survival assays was performed as described previously [40] . Briefly, 500 cells were seeded onto 60-mm dishes. After 4 hours, T98G-shRNA1, T98G-shRNA2, U251-shRNA1, U251-shRNA2 were radiated with different doses of ionizing radiation (0, 2, 4, 6 and 8 Gy) with a 210kV X-ray source at 2.16 Gy/min (RS-2000 Biological irradiator, Rad Source Technologies, Alpharetta, GA). After being cultured in a 37°C, 5% CO2 incubator for 10-14 days, the plates were stained with 0.5% crystal violet. The number of colonies were then determined and the surviving fractions, plating efficiency (PE), and survival fractions (SF) were calculated. Survival curves were fitted and analyzed using a linear-quadratic model [S=exp (-αD-βD2)] by GraphPad Prism software (version 4.0, GraphPad Prism software, San Diego, CA). The radiation sensitizing enhancement ratio (SER) by c-Fos silence was calculated using the following formula: SER= (SF2 of control)/(SF2 of c-Fos silencing), SF2: surviving fraction at 2 Gy; SER=1 suggests an additive radiation effect, SER >1 a supra-additive effect, and SER<1 a sub-additive effect.
Determination of cell cycle
FACS (fluorescence activating cell sorter) analysis was used to determine cell cycle distribution of the GBM cell lines following radiation. The cell suspension was prepared by trypsinization, and 1 × 106 cells/mL were washed twice with PBS. The cells were re-suspended with 10 mL of 70% ethanol (−20°C), incubated at 4°C for 4 h, washed twice in cold PBS, and incubated with RNase (Sigma) at a concentration of 0.25 mg/mL at 37°C for 15 min. The suspension was then treated with PI (10 μL/mL) and incubated for 15 min at 4°C in the dark. DNA histograms were analyzed using same FACS machine to evaluate the cell cycle distribution.
Immunofluorescent analysis of γH2AX foci
Cells grown in chamber slides were fixed and permeabilized. They next were incubated with antibody to phospho-H2AX (Millipore) followed by goat-anti-mouseAlexa488 (Invitrogen) then and mounted with Prolong gold anti-fade reagent containing 40, 6-diamidino-2-phenylindole (DAPI; Invitrogen) to visualize nuclei. Slides were then examined by fluorescence microscopy (Carl Zeiss Axioskop 2, Thornwood, NY). Cells were judged as 'positive' for γH2AX foci when they displayed 10 or more discrete dots of brightness.
Immunoblotting and antibodies
Cells were grown in 60 mm dishes and treated with 3 Gy radiation, shRNA2, or a combination of both radiation and shRNA2. Cells were washed with ice-cold PBS and scraped into ice-cold lysis buffer (comprised of TRIS-HCl pH 7.8 20 mM, NaCl 137 mM, EDTA pH 8.0 2 mM, NP40 1%, glycerol 10%, NaF 10 mM, Leupeptin 10μg/mL, Na2VO4 200 μmol/L, PMSF 5mM, and Aprotinin (Sigma-Aldrich, MO, USA). Lysates were cleared by centrifugation at 13,000 rpm for 10 min at 4°C, and supernatants removed and assayed for protein concentration using the Pierce BCA bovine serum albumin. Protein was quantified using BCA protein assay (Thermo Scientific), separated by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF;Bio-Rad), and probed with the indicated antibodies. Bands were visualized using Pierce ECL Western Blotting Substrate (Thermo Scientific). Anti-c-Fos was purchased from Abcam; AnticyclinB1, Anti-cleaved PARP and anti-GAPDH were purchased from Cell Signaling Technology. Donkeyanti-rabbit and sheep-anti-mouse horseradish peroxidaseconjugated secondary antibodies were purchased from GE Healthcare. Images were captured with a FUJIFILM LASS-3000 camera system.
Human glioma tissue immunohistochemistry and assessment
The human glioma tissue specimens were obtained from 41 malignant glioma patient samples from the Hunan Cancer Hospital in Changsha, China. The study was approved by the Clinical Research Ethics Committee of the Hunan Cancer Center, and written informed consent was obtained from all patients. The pathological grade of these tumors was defined according to the 2007 WHO criteria. Immunohistochemical staining was performed as previously described [39] . In brief, tissue sections with 5 μm thickness were deparaffinized, and endogenous peroxidase was quenched using 3% H2O2 in methanol for 30 min. They were next incubated in a solution of 10% BSA in PBS at 37°C for 1 h to block non-specific binding and were subsequently incubated with IgG (control) or specific antibodies in PBS containing 10% BSA at 4°C overnight. Thereafter, the sections were incubated with a horseradish peroxidase anti-rabbit antibody. Immunohistochemical staining was reviewed by two independent pathologists as previous publications [41] . For evaluation of the staining, the tissues were scored by assessing the c-Fos staining in the nucleus. The intensity of staining was graded by an numeric scale that ranged from 0 to 3, representing negative ("0"), weak ("1"), moderate ("2"), and strong ("3") staining. The number of positive cells were additionally defined as a percentage of the total cell number throughout the entire tissue according to the following scale: 0 for < 5%, 1 for 5-25%, 2 for 26-50%, 3 for 50-75%, and 4 for 75%-100%. The immunostaining final value is the product of intensity and the corresponding value of positive tumor cell percentage for each tumor specimen. Final scores of 0-2 and ≥ 3 were defined as low expression and over-expression, respectively.
Statistical analysis
For all experiments, the time point was chosen based on pre-experiment results where the most significant effect was detected. Data were expressed as Mean ± SD. Statistical analysis was performed with SPSS version 18. The differences among many groups were compared by One Way ANOVA. Survival curves were analyzed by the method of Kaplan-Meier. Values of P<0.05 were considered statistically significant. All experiments were repeated at least three times. 
